We experimentally demonstrated the fabrication of asymmetric long-period fiber gratings (LPFGs) in thin core fiber by use of focused CO 2 laser beam. The proposed device exhibits a high extinction ratio of over 25 dB at the resonant wavelength and a narrowed 3-dB bandwidth of only 8.7 nm, which is nearly one order of magnitude smaller than that of LPFGs in conventional single-mode fibers. It also exhibits a high polarization-dependent loss of over 20 dB at resonant wavelength. The temperature and external refractive index (RI) sensitivity of the proposed structure are measured to be 46 pm/°C, within a temperature range from 25°C to 100°C, and 1047.3 nm/RIU, within the RI range from 1.400 to 1.440, respectively. The temperature induced error is ∼8% for RI measurement. Such long LPFGs may find potential applications of highly sensitive RI sensors in the fields of chemical and biomedical sensing.
Introduction
In recent years, fiber optic refractive index (RI) sensors have attracted significant interest due to their advantages such as immunity to electromagnetic interference, small size, high sensitivity, fast response, and corrosion resistance. To date, several types of in-fiber RI sensors have been proposed, such as fiber Bragg gratings (FBGs) [1] , [2] , long period fiber gratings (LPFGs) [3] - [5] , and fiber interferometers [6] - [10] . Among these configurations, LPFG based RI sensors are particularly attractive, since its low cost, robustness and flexibility of fabrication. However, the sensing performances of LPFGs are limited by its wide spectrum-bandwidth in practical applications. Recently, a type of thin core fiber (TCF) based optical fiber sensor has been proposed and found to be sensitive to environmental changes [11] , [12] . For RI sensing, the TCF-based fiber sensors operate with multimode interference between the fiber core and cladding modes and often need extra chemical etching or fiber-tapering techniques to improve the sensitivities.
In this paper, we demonstrate a highly sensitive fiber RI sensor based on the LPFG inscribed in the TCF. The LPFG is fabricated by periodically carve grooves on one side of the TCF by use of focused CO 2 laser beam. The obtained LPFG exhibits a large extinction ratio of 25 dB and a narrowed 3 dB-bandwidth of 8.7 nm in transmission spectrum, which is much smaller than that of LPFGs in conventional single mode fibers (SMFs). Meanwhile, the near-field mode profile and polarization dependent loss (PDL) were studied, and results show that such a LPFG exhibits a larger PDL compared with that of LPFGs in conventional SMFs. Moreover, the temperature and external-RI responses of the LPFG in TCF were also investigated, and a maximum sensitivity of 1047.3 nm/RIU can be achieved within the RI range from 1.400 to 1.440, with a temperature induced error of ∼8%.
Experimental Details
A schematic diagram of the experiment setup is shown in Fig. 1 . The light beam generated from an industrial CO 2 laser (SYNRAD 48-1, with a maximum power of 10 W and power stability of ± 2%) were delivered and focused onto fiber samples by a vibrating mirror and an infrared lens with a focal length of 63.5 mm, respectively. An electric shutter was used to control the exposure of CO 2 laser beam, and a 4Â beam expander was employed to improve the focusing performance of the system. Fiber samples were mounted on a computer-controlled 2-D translation stage with a minimum step of 10 nm and a bi-directional positioning repeatability of 80 nm [13] . A small weight of ∼5 g is used to provide a constant longitudinal strain on the fiber in order to help the formation of the groove during CO 2 laser heating. During the grating inscription processes, a length of 25 cm TCF (Nufern UHNA-3, with a core/cladding diameter of 1.8/125 m) was used to avoid interferences when spliced with SMF pigtails at both ends [14] . In addition, a broadband light source (BBS) and an optical spectrum analyzer (OSA) were employed to monitor the transmission spectrum evolution of the LPFG in TCFs. The microscopic images of the splicing region and the cross section of the TCF are shown in Fig. 2(a) and (b) . The fabrication processes of LPFGs in TCFs were performed as follows: 1) Scan the TCF transversely against the fiber axis with the focused CO 2 laser beam to create a notch, and then move the fiber along the fiber axis with a distance of one grating period; 2) repeat process 1) N times (N is the number of grating periods) to create a notch-formed grating; 3) repeat K cycles of process 2) to improve the notch-depth until a high-quality LPFG was obtained. The repeated scanning of the focused CO 2 laser beam induced a local high temperature in the fiber and led to the melting and gasification of SiO 2 on the surface of the fiber. As a result, periodic grooves were carved on one side of the fiber, based on which asymmetric and periodic RI modulations could be provided along the fiber axis to form a LPFG. The microscopic image of the LPFG notches is shown in Fig. 2(c) , where the grating-period, notch-depth and notch-width are 400, 15 and 35 m, respectively. Fig. 3 (a) presents the transmission spectrum evolution of the LPFG in TCF that have shown above in Fig. 2 (c) during the fabrication process. With the scanning cycle increasing, the extinction ratio of the resonant dip gradually increases and the resonant wavelength shifts toward longer wavelengths, which is opposite to that of the LPFGs in SMFs [13] . One high-quality LPFG with a large dip attenuation of −29.68 dB at the resonant wavelength of 1634.5 nm and a low insertion loss of less than 0.5 dB was achieved in TCF with only four scanning cycles. The LPFG makes the light from the fundamental mode couple to several forward-propagating cladding modes in conditions of phase-matching, and the resonant wavelength of the th-order cladding mode is given by
Experimental Results
where Ã is the grating period, and n co and n ðkÞ cl are the effective RI of the core mode and the thorder cladding mode. Taking into account the grating period (400 m), the geometry of TCF, and the refractive indices of the core and cladding materials, the transmission spectrum of a LPFG in TCF was calculated using the coupled-mode theory of the step-index fiber. The simulated and experimentally measured transmission spectra are plotted in Fig. 3(b) for comparison. For convenience and clarity, only the coupling between the fundamental mode and the linear polarized (LP) LP 15 , LP 16 and LP 17 modes were considered in the simulation and other lower order cladding modes that the fiber may support were ignored, which results in the differences between the measured spectrum and the simulation one at shorter wavelengths.
Note that the TCF-based LPFG shown in Fig. 3 (a) and (b) exhibits a 3 dB-bandwidth of about 10 nm, which is much narrower than that of conventional SMF-based LPFGs, so we fabricated LPFGs in TCF and SMF with the same grating period (420 m) and groove-number (30) under the same fabrication conditions for comparison. As shown in Fig. 4 , the 3 dB-bandwidth of resonant attenuation dip of 24.7 dB at 1610.5 nm is only ∼8.7 nm for LPFG in TCF, while the 3 dBbandwidth of resonant attenuation dip of 37.9 dB at 1541.2 nm is ∼83.6 nm for LPFG in SMFs. Obviously, the 3 dB-bandwidth of LPFG in TCF is nearly one order of magnitude smaller than that of LPFG in conventional SMFs and index-guiding PCFs, and it can be further decreased by increasing the number of grating periods. The bandwidth narrowing has been explained by [15] , [16] , and the 3 dB-bandwidth of LPFG may be expressed as
where L and Ã are the length and the grating period of the LPFG at the phase matching wavelength 0 , respectively. For the TCF used here, the core is highly Ge-doped with a RI value of 1.4874. Thus, the effective RI difference between the core and cladding modes in the TCF is much larger than that in conventional SMFs. Therefore, the phase matching curves, i.e., dÃ=d, of LPFG is more steeper and exhibits a narrowed 3 dB-bandwidth than that of LPFG in SMF. Fig. 5(a) shows the transmission spectrum evolution of the TCF based LPFG with a grating period of 415 m. The resonant dip at ∼1567.8 nm with an extinction ratio of ∼31.6 dB was created after 6 scanning cycles. The near-field profiles of the fundamental core mode and the higher-order cladding mode of the LPFG are observed at 1540.2 and 1567.8 nm with the aids of an infrared camera (Model 7290A, Electro-Physics Corp.) and a microscope (Leica DM2500 M). As shown in Fig. 5(b) and (c), most power in the fundamental core mode has been excited to the circularly asymmetric cladding mode (i.e., LP 1n ) at the resonant wavelength, which can be explained by the asymmetric RI modulation induced by the one-side-irradiation of CO 2 laser [17] . The PDL of LPFGs in TCF and SMF were also studied by the use of a PDL measurement system, which consists of a tunable laser, a photonic all-parameter analyzer, a polarization controller, and an optical power meter. Since PDL is related to the depth of the attenuation dip, two LPFGs were created with similar extinction ratios in TCF and SMF, respectively. As shown in 6(a) and (b) , the average loss and the maximum PDL of LPFG in TCF and SMF are obtained around the resonant wavelengths of 1566.5 nm and 1553.9 nm, respectively. The former exhibits a maximum PDL of 23.8 dB, which is much larger than that of the latter (3.6 dB) and those reported previously in [18] , [19] . The large PDL is attributed to the significant asymmetry grooves created by the side illumination of CO 2 -laser, which induced large birefringence and asymmetrical RI modulation. Since LPFGs in TCF employ the coupling between the fundamental mode and a very high order mode, such as LP 17 , of which the power distribution spreads to the cladding more fiercely than that of LP 16 and other lower order cladding mode. Moreover, the narrower stop band may be another reason for the large PDL, which is similar to the strong PDL of CO 2 -induced LPFG on air-core PBF [16] .
To compare the external RI sensing characteristic of LPFGs in TCF and SMF, two LPFGs with the same grating period and period number (i.e., 400 m and 30) were measured at room temperature by immersing them into different RI liquids (Cargille Lab, http://www.cargille.com). After each test, the LPFG was cleaned carefully by use of alcohol to eliminate the residual liquids on the surface of fiber. As shown in Fig. 7(a) , the resonant wavelength of LPFG in TCF shifted toward the shorter wavelength with the surrounding RI increasing from 1.000 (air): 1.300 to 1.440. The measured resonant wavelength shift of LPFGs in TCF and SMF corresponding to external RI values are plotted in Fig. 7(b) . It can be seen that the LPFG in TCF exhibits a resonant wavelength shift of ∼54.2 nm within the RI range of 1.300∼1.440, which is over 3-times larger than that of LPFG in SMF. Especially, the RI sensitivity of the former is estimated to be ∼1047.3 nm/RIU in the range of 1.400∼1.440. According to the heuristic formula for detection limit (DL) determination that given by White and Fan [20] , [21] , the DL of a RI sensor is dependent on the signal-to-noise ratio (SNR), 3 dB-bandwidth of the resonance, thermal noise and the OSA resolution. For the LPFG in TCF, DL is dominated by the 3 dB-bandwidth of the resonant dip, which is measured to be ∼8.6 nm. So the DL of our sensor is estimated to be 1:73 Â 10
À4
for RI measurement, with assuming a SNR of 60 dB. It is believed that the RI sensitivity is mainly dependent on the cladding mode order of LPFG, and can be enhanced by reducing the cladding diameter based on tapering a fiber or etching a fiber. Hence, LPFG in TCF may excite much more higher order cladding modes (LP 17 ) than those in SMF(LP 16 ), which results in a high sensitivity of refractive index response.
To investigate the temperature influence on the RI measurement, we test the temperature response of the LPFG in TCF by putting it into a digitally controlled oven with temperature range from room temperature (25°C) to 100°C with a step of 10°C. As shown in Fig. 8(a) , the resonant wavelength of LPFG in TCF shifted linearly toward longer wavelengths when the temperature increased. The measured resonant wavelength shift as a function of temperature is shown in Fig. 8(b) , the corresponding temperature coefficient is ∼46 pm/°C which indicates that the LPFG is temperature dependent. For comparison, the same grating was immersed into a RI liquids (n ¼ 1:440 at 25°C) and then heated from room temperature (25°C) to 100°C. The measured resonant wavelength shift as a function of temperature is also shown in Fig. 8(b) , and the corresponding temperature coefficient is ∼447 pm/°C. Account the thermal-optic coefficient of the RI liquids ðÀ3:96 Â 10 À4 RIU= CÞ and RI sensitivity (1047.3 nm/RIU) of the LPFG sensor in consideration, the resonant wavelength increased with a rate of 32.3 pm/°C, using the method reported in reference [11] , and thus, the temperature cross-sensitivity induced error for RI measurement can be estimated to be 8%.
Conclusion
In conclusion, the fabrication of asymmetric groove-formed LPFGs in TCF by use of focused CO 2 laser beam is demonstrated. Such LPFGs exhibit narrowed 3 dB-bandwidth of 8.7 nm, which is nearly one order of magnitude smaller than that of LPFGs in conventional SMFs. The polarization-dependent loss of the device is over 20 dB at resonant wavelength. A temperature sensitivity of 46 pm/°C within the temperature range from 25 to 100°C and a RI sensitivity of 1047.3 nm/RIU within the RI range from 1.400 to 1.440 are obtained, respectively. The temperature induced error is estimated to be ∼8% for refractive index measurement. Such long period fiber gratings may be developed as highly sensitive refractive index sensors in the fields of chemical and biomedical sensing.
